Arousal affects cognition, emotion, and behavior and has been implicated in the etiology of psychiatric disorders. Although environmental conditions substantially contribute to the level of arousal, stable interindividual characteristics are wellestablished and a genetic basis has been suggested. Here we investigated the molecular genetics of brain arousal in the resting state by conducting a genome-wide association study (GWAS). We selected N = 1877 participants from the population-based LIFE-Adult cohort. Participants underwent a 20-min eyes-closed resting state EEG, which was analyzed using the computerized VIGALL 2.1 (Vigilance Algorithm Leipzig). At the SNP-level, GWAS analyses revealed no genome-wide significant locus (p < 5E-8), although seven loci were suggestive (p < 1E-6). The strongest hit was an expression quantitative trait locus (eQTL) of TMEM159 (lead-SNP: rs79472635, p = 5.49E-8). Importantly, at the genelevel, GWAS analyses revealed significant evidence for TMEM159 (p = 0.013, Bonferroni-corrected). By mapping our SNPs to the GWAS results from the Psychiatric Genomics Consortium, we found that all corresponding markers of TMEM159 showed nominally significant associations with Major Depressive Disorder (MDD; 0.006 ≤ p ≤ 0.011). More specifically, variants associated with high arousal levels have previously been linked to an increased risk for MDD. In line with this, the MetaXcan database suggests increased expression levels of TMEM159 in MDD, as well as Autism Spectrum Disorder, and Alzheimer's Disease. Furthermore, our pathway analyses provided evidence for a role of sodium/calcium exchangers in resting state arousal. In conclusion, the present GWAS identifies TMEM159 as a novel candidate gene which may modulate the risk for psychiatric disorders through arousal mechanisms. Our results also encourage the elaboration of the previously reported interrelations between ion-channel modulators, sleep-wake behavior, and psychiatric disorders.
Introduction
Arousal denotes a dimension of functional brain states, which are associated with behavioral phenomena including alert and relaxed wakefulness, drowsiness, as well as shallow and deep sleep. Arousal is linked to cognition, emotion, and behavior [1] , and requires regulation and adaptation across varying environmental situations. For instance, arousal is increased in the presence of threat and reduced in situations of viable rest and recovery. Although environmental conditions substantially contribute to the level of arousal, stable interindividual characteristics are well-established and a genetic basis has been suggested [1, 2] . Recently, growing efforts have been made to investigate the molecular genetics of sleepwake behavior, partly due to encouraging heritability estimates derived from family and twin studies [3, 4] . However, while genome-wide association studies (GWAS) have predominantly focused on parameters indicating the presence and absence of sleep (e.g., sleep duration, timing, and fragmentation) [5, 6] , there remains a paucity of evidence concerning the genomics of arousal regulation during the transition from wakefulness to sleep onset.
Arousal has repeatedly been implicated in the etiology of interindividual differences in human behavior. According to the Arousal Regulation Model of Affective Disorders [7, 8] , hypostable and hyperstable levels of arousal contribute to manic and depressive-like behavior, respectively. Several empirical studies have supported this model [9] [10] [11] [12] . Notably, similar concepts have previously been proposed on the relationship between arousal and the personality traits extraversion [13] and sensation seeking [14] . In addition, the Research Domain Criteria Project (RDoC) of the US National Institute of Mental Health (NIMH) incorporated arousal as a principal construct into a cross-diagnostic framework designed to describe and classify mental disorders [15] . Despite this well-established theoretical background, objective and reliable assessments of arousal are needed.
One valuable methodology for assessing arousal is the analysis of the human electroencephalogram (EEG). Changes in the power of the EEG frequency bands are intimately related to alterations in arousal [16] [17] [18] [19] . Recently, the EEG-and EOG-based Vigilance Algorithm Leipzig (VIGALL) was introduced [20, 21] . By incorporating information on the spectral composition and cortical distribution of EEG activity, VIGALL enables the computerized assessment of EEG-vigilance as an indicator of brain arousal in the resting state. The algorithm has been validated in functional imaging studies [22] [23] [24] , against parameters of the autonomous nervous system [25, 26] , and against subjective ratings [26] . Beyond conventional DSM and ICD disorder categories, VIGALL may constitute one tool to identify etiologically more homogenous psychiatric patient groups.
Recently, strong evidence has been found for shared genetic etiologies among schizophrenia, bipolar disorder, major depression, attention deficit hyperactivity disorder, and autism spectrum disorder [27] . Yet, little is known about the underlying pathophysiologies. Given its theoretical and empirical foundation, the regulation of arousal could be one mechanism linking genes and behavior. Indeed, genetic factors have previously been argued to impact on arousal regulation [1, 28] . In addition, the power of the arousal-indicating EEG frequency bands was observed with heritabilities of 80% [29] . To date, there have been four GWAS on resting state EEG activity [29] [30] [31] [32] . However, none has assessed arousal and its regulation. Consequently, prior studies used recording periods of <5 min, while longer recordings are preferred when investigating the dynamics of arousal in the resting state [26] . Notably, due to the high-interindividual variability in EEG activity, the assessment of arousal requires adaptive procedures that account for individual peak frequencies and total power. Such procedures have been accounted for in VIGALL.
On this basis, we set out to identify genetic variants linked to brain arousal in the resting state by conducting a genome-wide association study. In particular, we utilized the computerized algorithm VIGALL 2.1 to analyze resting state EEG recordings of 20 min duration without experimenter intervention. To evaluate the functional relevance of the obtained associations, we took into account publicly available gene expression data, performed gene-based analyses, and investigated the gene enrichment of biological pathways. Moreover, we conducted a GWAS catalog screening and queried our top hits in the Psychiatric Genomics Consortium data files. In addition, we derived candidate markers from the four GWAS on other resting EEG activity traits [29] [30] [31] [32] .
Methods and materials
Sample Participants were Central Europeans drawn from the LIFE-Adult study, a population-based cohort study of 10,000 randomly selected inhabitants of the city of Leipzig, Germany [33] . The sample was composed of subjects aged 40-79 years with resting state EEG data obtained from 3462 subjects. Of those, 2727 subjects underwent genotyping and surpassed all corresponding quality checks (described below). We did not include subjects reporting current intakes of EEG-affecting drugs or who had a history of stroke, multiple sclerosis, Parkinson's disease, epilepsy, skull fracture, cerebral tumor, or meningitis (leaving 2171 subjects). On the basis of data from structured clinical interviews for DSM-IV axis I disorders, we selected subjects without a history of substance dependence or psychotic disorders, and who were free of current affective and anxiety disorders (leaving 2087 subjects). Moreover, EEGs with substantial artifacts ( ≥ 15% of all EEG segments) and those displaying pathological activity, alpha variant rhythms, or low-voltage alpha were not included. The final sample comprised N = 1877 eligible subjects (942 male; mean age: 67.8 years). Participants gave written informed consent and received an expense allowance. All procedures were conducted according to the Declaration of Helsinki and were approved by the Ethics Committee of the University of Leipzig (263-2009-14122009).
Physiological data collection and processing
Physiological data were collected and processed, as previously described [26] . All EEGs were recorded according to the same standardized operating procedure. EEGs were recorded at~0830, 1100, and 1330 hours. Subjects lay comfortably on a lounge chair within a sound-attenuated light-dimmed booth. To achieve similar initial levels of arousal, all subjects completed a brief arithmetic task that required them to count backwards by sixes starting at one hundred. Subsequently, subjects were instructed to close their eyes, relax and not to struggle against any potential drowsiness during the 20-min resting condition. Electroencephalic activity was recorded by 25 electrodes against the common average reference with AFz ground, was sampled at 1000 Hz, and amplified using a QuickAmp amplifier (Brain Products GmbH, Gilching, Germany). Impedances were kept below 10 kΩ. Vertical and horizontal eye movements were recorded by two bipolar electrodes. EEG offline processing was performed using Brain Vision Analyzer 2.0 (Brain Products GmbH, Gilching, Germany). EEGs were filtered (70 Hz low-pass and 0.5 Hz high-pass with 48 dB/Oct slope, 50 Hz notch) and rectified from muscle, sweating, cardiac, and eye movement artifacts using an extended infomax Independent Component Analysis (ICA) with classic principal component analysis (PCA) sphering. Sleep spindles and K-complexes were manually marked by experienced raters, as previously described [26] . For detailed preprocessing steps, please see also the publicly available VIGALL 2.1 manual [20] .
Assessment of brain arousal
The assessment of brain arousal was performed as previously described [26] . Brain arousal was measured through resting state EEG-vigilance as determined using the Brain Vision Analyzer add-on VIGALL 2.1 (https://research.unileipzig.de/vigall) [20] . On the basis of the spectral composition and cortical distribution of electroencephalic activity, VIGALL assigns one of seven EEG-vigilance stages to each one-second EEG epoch. EEG-vigilance stages correspond to active wakefulness (stage 0), relaxed wakefulness (stages A1, A2, A3), drowsiness (stages B1, B2/3), and sleep onset (stage C). Assigned EEG-vigilance stages were transformed into values ranging from 7 (active wakefulness) to 1 (sleep onset). We calculated three outcome variables: mean vigilance, stability score, and slope index [11, 34] . While the former provides an estimate for the average level of EEGvigilance during rest, the stability score and slope index particularly focus on the dynamics of EEG-vigilance. Values of mean vigilance range between 1 and 7, stability scores range between 1 and 14, and values of the slope index range between −7.2 and 1.2. Lower values indicate lower levels and steeper declines, respectively, of EEGvigilance. All three outcome variables were validated, showed test-retest reliability, and have been established as an adequate way to summarize resting state EEG results [26, [34] [35] [36] .
Genotyping, preprocessing, and imputation
Genotyping was performed at the Institute of Laboratory Medicine, University of Leipzig, Germany. Genomic DNA was extracted from peripheral blood leukocytes using an automated protocol on the Autopure LS instrument (Qiagen, Hilden, Germany). Genotyping was conducted using an Axiom Genome-Wide CEU 1 Array Plate (Affymetrix, Inc., Santa Clara, California, USA) with 587,352 single nucleotide polymorphisms (SNPs). Genotyping was performed according to the instructions of the manufacturer. Sample quality control included: dish-QC <0.82, call rate <0.97, reported vs. genotype-wise computed sex mismatch, and cryptic relatedness. On the basis of a subset of about 200,000 high-quality SNPs (call rate >0.998), we additionally conducted principle component analyses using smartpca 8000 of EIGENSOFT 3.0. Outliers (6 SD) were removed. In total, 4985 LIFE-Adult individuals were available for analysis. Irregularities in X-Y intensity plots were used to further remove seven samples for gonosomal analyses. Autosomal SNP quality control included: call rate <0.97, Hardy-Weinberg p-value <1E-6, plate association p-value <1E-7, and application of cluster-plot quality metrics as recommended by Affymetrix (i.e., Fisher's Linear Discriminant <3.6, heterozygous cluster strength offset ≤0.1 or invalid homozygote ratio offset). For X-chromosomal SNPs, filter criteria proposed by König et al. [37] . were applied: pvalue of exact test for Hardy-Weinberg equilibrium for women <1E−4, call rate <0.98, and minor allele frequency (MAF) <0.01 after setting all heterozygous calls in male samples to missing. A total of 546,429 SNPs passed all quality criteria. We imputed these data on the 1000 Genomes reference phase 1, release V3 of CEU. Annotation referred to HG19, dbSNPbuild 135. We successfully mapped 538,181 measured SNPs to the reference. Data were pre-phased using SHAPEIT (version v2.r778) with standard settings for European populations. Imputation was conducted with IMPUTE2 (version 2.3.0) and resulted in 39,300,191 imputed SNPs. Post-imputation quality control required that a SNP has a MAF ≥ 1% and an Info-score ≥ 0.8. This resulted in 8,042,262 SNPs eligible for GWAS analyses.
GWAS analyses
Genome-wide association analyses were performed using PLINK 1.9. Separate analyses were carried out for the dependent variables mean vigilance, stability score, and slope index. We calculated additive models of gene-doses adjusting for sex, age, and the first three principal components. Top hits were defined by p-values < 1E-6. Genomewide significance was set at p < 5E-8. To identify independent loci, lead-SNPs were pruned applying a linkage disequilibrium (LD) cut-off of R 2 = 0.5. Further, for analyzing the congruence with eQTL hits, we screened 23 eQTL data sources with 67 listed eQTL studies [38, 39] , providing information on whether a gene-locus regulates gene expression levels. Minimum LD between top hits and eQTL hits was set at R 2 = 0.5. Furthermore, seeking to identify pleiotropic effects, top hits were compared with previous GWAS hits according to the recent NHGRI-EBI GWAS catalog (https://www.ebi.ac.uk/gwas/api/search/ downloads/full, downloaded May 5, 2017) . Minimum LD between top hits and GWAS hits was set at R 2 = 0.5. Beyond this, we queried the results of all EEG-vigilance top hits in the publicly available PGC GWAS data files on major depressive disorder (MDD) [40] , bipolar disorder (BD) [41] , and attention deficit hyperactivity disorder (ADHD) [42] . We also investigated the enrichment of Reactome pathways among genes that are located within a 50 kb top hit distance or for which our top hit regions are replicated eQTLs (as suggested by the eQTL screening). Selected genes had to be listed in the Reactome database. In addition, we conducted a candidate marker analysis by selecting reported SNPs from the four GWAS on other resting EEG activity traits [29] [30] [31] [32] .
Gene-based analyses
For gene-based analyses, we utilized the approaches 'Pre-diXcan' (expression-based) [43] and 'VEGAS2' (locusbased) [44] . Analyses followed the guidelines, as described by the authors. For the former approach, we applied the DGN-model as it was trained by the authors on the largest sample (922 whole-blood samples from the Depression Genes and Networks, DGN). Only SNPs with MAF ≥0.01 and Info-score ≥0.8 were entered into analyses. For the latter approach, VEGAS2, we used standard settings including a margin of 50 kb for each gene and gene-locus assignment, as provided by the authors. Identified associating genes were validated by querying the MetaXcan online resource that contains association results derived from the GWAS summary statistics of over 100 complex traits [45] .
Statistical power
Power analyses were conducted using r package pwr (version 1.2-1), with effect sizes quantified as η p ² (i.e., variance of the phenotype explained uniquely by the genetic variant in a multiple linear regression model adjusting for sex, age, and the first three principle components). Given N = 1,877 and α = 5E-8, power calculations revealed that SNP associations with a true effect size of η p 2 = 0.011, η p 2 = 0.016, and η p 2 = 0.021 were identified with a chance of 20%, 50%, and 80% (1−β), respectively. Supplementary Figure S1 shows the probabilities (1−β) of associations to surpass the threshold of genome-wide significance (α = 5E-8), given true effect sizes of up to η p 2 = 0.05.
Results
The descriptive statistics for VIGALL 2.1 variables of EEGvigilance obtained from the present sample are shown in Table 1 . Histograms and normal quantile plots for each EEG-vigilance variable are provided in Supplementary  Figure S2 . The distribution of p-values derived from GWAS analyses did not reveal evidence of general inflation of teststatistics (λ = 1.0042 for mean vigilance, λ = 0.9981 for the stability score, and λ = 0.9963 for the slope index), suggesting that association results are not biased by population stratification (for qq-plots see Supplementary Fig. S3 ). GWAS analyses revealed that no locus surpassed the threshold of genome-wide significance (p < 5E-8). However, SNPs in seven chromosomal regions were associated with at least one of the three EEG-vigilance variables at p < 1E-6 (considered as suggestive evidence). Figure 1 shows the Manhattan plot of results merged for the three outcome variables (for Manhattan plots of separate variables see Supplementary Fig. S4 ).
The strongest association was found for a region on chromosome 16 that tags DNAH3 and TMEM159 (lead-SNP: rs79472635, slope index: p = 5.49E-8), coding for dynein axonemal heavy chain 3 and transmembrane protein 159, respectively. Carriers of the minor allele exhibited relatively shallow declines of EEG-vigilance (see Fig. 2 ). With the slope index serving as the trait of interest, we obtained three further independent hits with p < 1E-6. One of them is located in SLC8A2 (rs830142, p = 3.13E-7), encoding solute carrier family 8 member A2. Another maps with SLC8A1 antisense RNA 1 (rs6544273, p = 7.95E-7), which is 120 kb upstream of the corresponding proteincoding SLC8A1 gene (encoding solute carrier family 8 member A1). In addition, we obtained rs13163913 (p = 6.38E-7) located 26 kb upstream of EEF1A1P20 (eukaryotic translation elongation factor 1 alpha 1 pseudogene 20). With the mean vigilance serving as the trait of interest, analyses revealed one hit in THSD7A (rs13247707, p = 1.05E-7), encoding thrombospondin type I domain containing 7A, and one further hit in HDAC9 (rs17432268, p = 9.37E-7), coding for histone deacetylase 9. For the stability score, we obtained rs11585842101 near RYBP (p = 1.87E-7), encoding RING1 and YY1 binding protein. Table 2 summarizes the lead-SNPs of our top hit loci. For regional plots, see Fig. 2 Figure S5 (all other top hit loci). Detailed GWAS results are presented in Supplementary Table S1 .
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eQTL mapping
The screening of available eQTL data sources revealed that six out of seven lead-SNPs were either themselves reported to, or had a proxy SNP (R² ≥ .5) shown to be associated with, gene expression levels [38, 39] . Our strongest hit, rs79472635 located in DNAH3, has directly been associated with expression levels of TMEM159 (p = 1E-29). Direct evidence has also been reported for rs6544273 in SLC8A1-AS1 to contribute to variation in expression levels of SLC8A1 (p = 1.95E-4), for a link between rs830142 in SLC8A2 and expression levels of GLTSCR1 (p = 5.71E-7), for rs115842101 near RYBP and expression levels of both PPP4R2 (p = 3.82E-4) and RYBP (p = .002), and for rs13163913 near EEF1A1P20 and expression levels of FAM174A (p = 1.46E-51). All eQTL hits-including those referring to proxy SNPs-are provided in Supplementary  Table S2 .
GWAS catalog screening
In comparing our seven top hit regions with entries in the GWAS catalog, we identified no SNP that is in LD (R 2 ≥ 0.5) with variants previously reported genome-wide significant for another trait. Supplementary Table S3 provides additional results of the GWAS catalog screening for SNPs with EEG-vigilance associations at p < 1E-5 and by applying a more liberal minimum LD (R 2 = 0.2).
GWAS of the Psychiatric Genomics Consortium (PGC)
We queried the results of all EEG-vigilance top hits in the publicly available PGC GWAS data files on MDD [40] , BD [41] , and ADHD [42] . The mapping revealed that all corresponding top hits of our strongest locus (DNAH3/ TMEM159) showed nominally significant associations with MDD (0.006 ≤ p ≤ 0.011). In this regard, carriers of alleles that we observed with less steep declines of EEG-vigilance (slope index) were reported to be at higher risk for major depression. Detailed PGC GWAS results of our top hits are provided in Supplementary Table S4 .
Gene-based analyses
At the gene-level, the PrediXcan analysis revealed genomewide significance for TMEM159 (slope index: p = 1.18E-6, Bonferroni-corrected p = 0.013). Higher expression levels of TMEM159 correlated with less steep declines of EEGvigilance (see Fig. 3 ). Results of VEGAS2 were consistent with this finding, where this locus was labeled with central gene ZP2 and reached genome-wide significance (slope index: p = 2E-6, Bonferroni-corrected p = .048). As the latter analysis applied a margin of 50 kb around each gene, the first three hits-ZP2, DNAH3, and TMEM159-essentially describe the same locus on chromosome 16p12.3. We regard TMEM159 as the most relevant gene because the vast majority of eQTLs at the genetic site with the strongest SNP associations are related to the expression of TMEM159 (suppl. Fig. S6 ). Detailed gene-based results are provided in Supplementary Tables S5 and S6 . We queried TMEM159 in the MetaXcan online resource [45] . Using the same statistical model (elastic net based on DGN whole-blood samples), expression levels of TMEM159 have been found with nominal significance in independent cohorts of patients with Major Depressive Disorder (p = 0.027, PGC), Autism Spectrum Disorder (p = 0.029, PGC), and Alzheimer's Disease (p = 0.049, International Genomics of Alzheimer's Project IGAP consortium) [46] . In this regard, higher expression levels of TMEM159 correlated with an increased risk for respective disorders. Supplementary Table S7 shows detailed MetaXcan association results for TMEM159.
Pathway analyses
Gene enrichment analyses revealed several pathways reaching the FDR-corrected level of significance. Based on the top hits in SLC8A1-AS1 and SLC8A2, we obtained evidence for pathways sodium/calcium exchangers (q = 8E-4), reduction of cytosolic Ca++ levels (q = 8E-4), and SLC-mediated transmembrane transport (q = 0.028). The above-mentioned pathways also surpassed the FDRcorrected level of significance when repeating analyses for genomic loci with EEG-vigilance associations at p < 1E-5. Detailed pathway results are shown in Supplementary  Tables S8 and S9 .
EEG-candidate marker analysis
From the four GWAS on other resting EEG activity traits [29] [30] [31] [32] , we derived 415 candidate SNPs in 272 loci Table S10 (markers not included are listed in Table S11 ). We obtained 55 SNPs in 27 loci reaching nominal significance (p < 0.05) for at least one of our three EEG-vigilance variables. None of these associations remained significant after trait-wise correction for multiple testing (all q > 0.228). This was also the case after carrying out thinning (including only one SNP per locus that showed the strongest literature p-value) and repeating analyses in subgroups of EEG candidates (grouped according to their literature phenotypes alpha frequency, alpha power, beta power, delta power, theta power, total power; all q > 0.198). In addition, qq-plots did not reveal considerable evidence for an inflation of test statistics (suppl. Figure S7-9 ).
Discussion
The present GWAS is the first to identify genetic variants linked to brain arousal in the resting state. Based on a sample of N = 1877 subjects, we investigated the associations between 8,042,262 SNPs and EEG-vigilance during a 20-min eyes-closed resting condition. At the SNP-level, GWAS analyses revealed no locus with genome-wide significance (p < 5E-8), although seven loci were suggestive (p < 1E-6). Importantly, at the gene-level, GWAS analyses revealed significant evidence for TMEM159 (p = 0.013, Bonferroni-corrected). By mapping our SNPs to the GWAS results from the Psychiatric Genomics Consortium (PGC), we found that all corresponding markers of TMEM159 showed nominally significant associations with Major Depressive Disorder [40] . In line with this, the MetaXcan database suggests increased expression levels of TMEM159 in Major Depression, as well as Autism Spectrum Disorder, and Alzheimer's Disease. Further, our pathway analyses indicate the potential involvement of sodium/calcium channel activity in arousal regulation.
Our strongest hit, rs79472635 (p = 5.49E-8), is an intronic variant located on chromosome 16 in DNAH3, encoding dynein axonemal heavy chain 3. Although DNAH3 is the nearest gene, we regard TMEM159 (encoding transmembrane protein 159) as the most relevant gene in this locus, because the vast majority of eQTLs at the genetic site are related to the expression of TMEM159. TMEM159 is also known as promethin and is expressed in various human organs including the brain, thyroid, and adrenal glands [47] . Importantly, variants of TMEM159 that we observed with persistently high arousal levels have previously been shown to increase the risk for major depression at nominal significance levels (PGC GWAS) [40] . This finding is in agreement with the postulations of the Arousal Regulation Model of Affective Disorders [7] , according to which hyperstable levels of arousal contribute to the pathogenesis of depressive episodes. Indeed, depressive patients often experience insomnia, show delayed sleep onset, and benefit from sleep deprivation [48] [49] [50] . In addition, several studies have provided direct evidence for enhanced levels of brain arousal in depression [9] [10] [11] [12] . Moreover, we observed that increased imputed expression levels of TMEM159 correlated with persistently high arousal levels, and the MetaXcan database suggests, by analogy, increased TMEM159 expression levels in independent cohorts of patients with Major Depression, Autism [45] . Therefore, TMEM159 appears to be an encouraging novel candidate gene that may modulate the risk for psychiatric disorders through arousal mechanisms. Interestingly, TMEM159 was shown in lab experiments to interact with the transmembrane protein 'flower' (CACFD1) [51] that is involved in Ca 2+ influx and resting Ca 2+ levels [52] . Modulators of calcium metabolism may exert a variety of biological actions including effects on neurotransmission [53] . In fact, we obtained other hits that point towards a role of calcium metabolism in resting state arousal.
Two of the seven top hit loci tag genes that code for members of the solute carrier 8 (SLC8) family. One of them is a region on chromosome 19 within an intronic sequence of SLC8A2 (lead-SNP: rs830142, p = 3.13E-7). The other is located on chromosome 2 in an intronic sequence of SLC8A1 antisense RNA 1 (lead-SNP: rs6544273, p = 7.95E-7) and is associated with expression levels of the corresponding protein-coding SLC8A1 gene. Members of the SLC8 family are sodium-calcium exchanger proteins, which regulate cytoplasmic calcium concentrations by extruding calcium through the plasma membrane during relaxation of excitable cells. Their splice variants have been implicated in various phenomena including hippocampal long term potentiation, blood pressure regulation and hypertension, as well as cerebral ischemia [54] .
Based on the independent hits in SLC8A1-AS1 and SLC8A2, our analyses revealed evidence for an involvement of sodium/calcium exchanger related pathways. In keeping with this, findings from animal experiments underscore the role of calcium channels in sleep-wake activity [55] , vigilance state control [56] , generation of sleep-spindles and delta oscillations [57, 58] , and arousal events during sleep [59] . In a prior candidate gene study, initial evidence has been reported for an association of EEG-vigilance and a SNP within CACNA1C, encoding a subunit of a voltagegated calcium channel (VGCC) [60] . Further, the overexpression of distinct VGCC subunits has been shown to promote neocortical hyperexcitability in mice [61] . In turn, alterations in arousal-phenotypes are well documented among psychiatric disorders and have been suggested to causally contribute to mental illness [7, 62] . Therefore, arousal could serve as a partial mediator between genetic calcium channel modulators and psychiatric phenotypes. In fact, an enrichment of genomic signals associated with calcium channel activity was demonstrated in Bipolar Disorder [41] and in a large-scale cross-disorder study of Major Depression, Bipolar Disorder, Attention Deficit Hyperactivity Disorder, Autism, and Schizophrenia [63] . Moreover, a role of ion-channelopathies in psychiatric disorders is in agreement with the pharmacodynamics of moodstabilizing drugs such as valproate, lamotrigine, and carbamazepine. Thus, genetic modulators of ion-channel activity are encouraging candidates in both domains: arousal and psychiatric disorders. Future studies should further elaborate their possible causal relations.
From the four GWAS on other resting EEG activity traits [29] [30] [31] [32] , we derived 415 candidate SNPs and tested their potential association with EEG-vigilance. None of the obtained associations withstood multiple testing correction and the distribution of observed p-values was not different from a random distribution. Notably, previous studies focused on EEG power and peak frequencies during a Higher expression levels of TMEM159 correlated with less steep declines of resting state EEG-vigilance recording period of less than 5 min. In contrast, we assessed the dynamics of EEG-vigilance by incorporating information on the spectral composition and cortical distribution of EEG activity across 20 min of rest. Therefore, VIGALL features adaptive procedures that account for the interindividual variability in total power and peak frequencies.
Hence, we consider phenotypical difference as highly plausible reason for the lack of corroboration.
A common finding of GWAS is that, despite substantial heritability estimates from family and twin studies, single genetic variants exhibit only small associations. This general observation underscores the need for studies carried out in large research consortia with high statistical power. Because arousal regulation has been proposed to constitute a state-modulated trait [7] , multicenter studies will require adequately standardized operating procedures (SOPs) to keep the proportion of variance caused by situational factors at a minimum. Daytime of assessment might be one of the most salient potential confounders to consider, although this variable did not decisively affect our own association results (see suppl. Figure S10) . Notably, our analyses enable to deduce with a certainty of 99% (1−β) that none of the investigated SNPs account for >3% of the variance in EEGvigilance as assessed using VIGALL (with α = 5E-8 and N = 1877). However, the power was only 20% to detect SNPs that explain 1.1% of the variance in EEG-vigilance. Hence, the sample size is a limitation of the present GWAS.
In the present study, we selected participants without a history of substance dependence or psychotic disorders, and who were free of current affective and anxiety disorders. Noteworthy, the prevalence of these disorders was low in the LIFE-Adult cohort. With our selection we aimed at improving the sample homogeneity. Nevertheless, this may have also led to reduced effect sizes of variants that impact psychiatric disorders through arousal mechanisms. On this account, it should be emphasized that the present effect size estimates refer to non-clinical populations.
In conclusion, the present GWAS is the first to address the dynamics of EEG-derived brain arousal in the resting state. We identified TMEM159 as a novel candidate gene which may modulate the risk for psychiatric disorders through arousal mechanisms. Additionally, two independent associations in SLC8A1-AS1 and SLC8A2 revealed evidence for an involvement of sodium/calcium exchanger related pathways, which is in line with previous findings on the interrelations of ion-channel activity, sleep-wake behavior, and psychiatric disorders. Future studies are needed to replicate our findings and to unravel the physiological mechanisms behind these associations.
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